Abstract Voltage-dependent anion channel 1 (VDAC1) is thought to contribute to the progression of tumor development. However, whether VDAC1 contributes to bone cancer pain remains unknown. In this study, we found that the expression of VDAC1 was upregulated in the L2-5 segments of the spinal dorsal horn at 2 and 3 weeks after injection of tumor cells into the tibial cavity. Intrathecal injection of a VDAC1 inhibitor significantly reversed the pain hypersensitivity and reduced the over-expression of Toll-like receptor 4 (TLR4). Intrathecal injection of minocycline, an inhibitor of microglia, also attenuated the pain hypersensitivity of rat models of bone cancer pain. These results suggest that VDAC1 plays a significant role in the development of complicated cancer pain, possibly by regulating the expression of TLR4.
Introduction
Cancer bone metastases always produce an excruciating pain, current treatments of which may be inadequate or have unacceptable side effects [1, 2] . Bone cancer pain (BCP) is a unique pain that includes features of nociceptive, neuropathic, and inflammatory pain [3] . It has been suggested that the development of BCP is associated with destruction of bone and the pathological reconstruction of nervous system [4] [5] [6] . However, the existing treatment strategies for BCP are not radical, but palliative or supportive. Therefore, it is urgent to explore the mechanisms of bone metastasis and develop novel therapeutic targets for the relief of BCP.
Voltage-dependent anion channels (VDACs), expressed in the mitochondrial outer membrane, function as the gatekeeper for the entry and exit of mitochondrial metabolites, thereby controlling cross-talk between mitochondria and other components of the cell. VDACs include three isoforms: VDAC1, VDAC2, and VDAC3 [7, 8] . VDAC1 is a pore-forming channel that regulates the passage of many molecules and ions [8] . Previous studies have shown that VDAC1 is expressed in many tissues including the central nervous system [9, 10] . VDAC1 is often over-expressed in many cancer types. Knockout of VDAC1 can inhibit tumor development [11] . Whether VDAC1 contributes to cancerinduced pain hypersensitivity remains unknown. It has been shown that VDAC1 is involved in neuropathic pain [12] , indicating that VDAC1 activation in the spinal dorsal horn may play an important role in the development of pain hypersensitivity of bone cancer.
Toll-like receptor 4 (TLR4) is a transmembrane protein. It has both extracellular leucine-rich repeat domains and a cytoplasmic signaling domain [13] . In the central nervous system, TLR4 is predominantly expressed in microglia [14] . It has been reported that TLR4 plays an important Xiangpeng Kong and Jinrong Wei have contributed equally to this work.
role in the initiation and transmission of neuropathic pain signals [15] . Damage of sensory neurons results in the stimulation of microglial TLR4 in the spinal cord, followed by activation of the microglia [16] . The significant increase of TLR4 expression in a rat model of bone cancer leads to tactile allodynia and spontaneous pain, while injection of an antagonist of TLR4 leads to the reversal of both mechanical allodynia and thermal hyperalgesia in mice with neuropathic pain [17] . Intrathecal injection of synthetic small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs) targeting TLR4 reduced the nociceptive response in the rat model [18] . In our work, inhibition of VDAC1 in the spinal dorsal horn reversed the activation of microglia and reduced the expression of TLR4. Therefore, VDAC1 might be a potential target for BCP therapy.
Materials and Methods

Animals
Female Sprague-Dawley rats, weighing 160 g-180 g were housed in a temperature-(24 ± 1°C) and light-controlled (12:12-h light-dark cycle) room with free access to food and water. All experiments were approved by the Laboratory Animal Center of Soochow University, Jiangsu Province, China.
Induction of the BCP Model
The specific details of procedures for the BCP model are documented in previous reports [19, 20] . In brief, *1 mL Walker 256 cells (*2910 7 cells) were injected into the abdominal cavity of each rat. A week later, the ascites was extracted. The cells were centrifuged for 5 min at 1200 rpm and washed 3 times with 10 mL normal saline (NS). The Walker 256 cells were counted and diluted to a final concentration of 1910 8 cells per mL with NS. These cells were kept on ice until injected into rats. Four microliter of carcinoma cells (4910 5 ) or the same volume of NS (vehicle group) was slowly injected into the tibia cavity using a 10 lL microinjection syringe with a 23-gauge needle. The syringe was left in the tibia for an additional 2 min to minimize the leakage of tumor cells. Before full recovery from anesthesia, all rats were placed on a warm pad for recovery from the surgery.
Mechanical Allodynia and Thermal Hyperalgesia Testing
Mechanical allodynia was assessed using the up-down method in the hind paw withdrawal response to von Frey fillament (VFF) stimulation. The 50% paw withdrawal threshold (PWT) was determined as previously described [19, 21, 22] . Each rat was placed in a transparent box and allowed to acclimate to the surroundings for at least 30 min. The experiments were performed in a double-blinded manner. Standard VFFs (0.4, 0.6, 1.0, 1.4, 2.0, 4.0, 6.0, 8.0, 10.0, and 15.0 g) were vertically advanced to the plantar surface of the hind paw using sufficient force until the filament bent. The trial began with the 2.0 g filament. Withdrawal of the hind paw was regarded as a positive response, and this was followed by the next greater force. If there was no response, the next lower force was applied until the trial was repeated 3 times and the final VFF was determined. The cutoff force was set at 15.0 g. Each stimulation was spaced at *10-min intervals and the mean value was regarded as the strength to produce a withdrawal response. The paw withdrawal latency (PWL) to thermal hyperalgesia was measured as previously reported [19, 21] . Rats were placed on a clear glass plate and allowed to acclimate to the new surroundings for 30 min. A radiant heat source was focused onto the plantar surface of a hind paw. The PWL was recorded by a timer which was started by activation of the heat source and stopped by the paw withdrawal as recorded with a photo detector. To prevent tissue damage, a maximal cutoff time of 20 s was set. The average of 3 PWL measurements was taken as the result of each test session for each rat. The interval between measurements was [ 5 min.
Western Blotting Analysis
Expressions of VDAC1, TLR4, p65, P2X7, and CBS (cystathionine-beta-synthase) in L2-L5 of the spinal dorsal horn from control rats and BCP rats injected with 4,4 0 -diisothiocyanostilbene-2,2 0 -disulfonic acid (DIDS) or Minocycline (Mino) were measured using western blotting. Rats were rapidly sacrificed by cervical dislocation. The L2-L5 spinal dorsal horn or dorsal root ganglia (DRGs) were quickly dissected out and lysed, and the lysates were allowed to cool for 2 h, then they were centrifuged at 12,000 rpm for 20 min at 4°C. The supernatant was collected and the total protein concentration was measured using a BCA Protein Quantitation Kit (Thermo Scientific, MA). Twenty micrograms of proteins were fractionated on 10% polyacrylamide gels (Bio-Rad, CA). Then the proteins were transferred to polyvinylidenedifluoride membranes (Bio-Rad) at 200 mA for 2 h. The membranes were blocked using a 5% dilution of fat-free milk powder in TBS (50 mmol/L Tris-HCl, 133 mmol/L NaCl, pH 7.4) for 2 h at room temperature, and incubated at 4°C with primary antibody (anti-VDAC1 at 1:1000, Proteintech, Chicago, IL; anti-TLR4 at 1:1000, Abcam, Cambridge, UK; anti-NF-jB p65 at 1:200, Santa Cruz Biotechnology, CA; anti-P2X7 at 1:1000, Neuromics, USA; anti-CBS at 1:1000, Abcam, Cambridge, UK) in TBS containing 1% fat-free milk. The membranes were washed 3 times in TBST (0.5% , then incubated with peroxidase-conjugated secondary antibodies (1:5000, Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h at room temperature. The antibodies were dissolved in TBS containing 1% fat-free milk. Bands were developed using an ECL kit (Amersham, Buckinghamshire, UK). The densities of protein bands were analyzed using Image J (National Institutes of Health, Betheseda, MD).
Real-Time Quantitative Polymerase Chain Reaction for mRNA
Total RNA was extracted from the L2-L5 spinal dorsal horn from control and BCP rats using Trizol (Invitrogen, CA). cDNA was synthesized from total RNA using an Omniscript RT kit 50 (Qiagen, Valencia, CA) following the manufacturer's instructions. The mRNAs of VDAC1 and GAPDH (internal control) were measured in the quantitative polymerase chain reaction using the following primers: VDAC1 forward primer 5
0 . The VDAC1 gene amplified within the linear region of the reaction amplification curves is shown as the Ct value. The expression level of VDAC1 was normalized by the Ct value of GAPDH using the 2 -DDCt relative quantification method.
Immunofluorescence
Two weeks after induction of the BCP model, rats were perfused transcardially with 300 mL phosphate-buffered saline (PBS) followed by 300 mL ice-cold 4% paraformaldehyde ( Negative controls were performed omitting primary antibodies. As previously described, images were captured and analyzed using Metaview software (Universal Imaging Corporation, Downingtown, PA).
Drug Application
4,4
0 -diisothiocyanostilbene-2,2 0 -disulfonic acid (DIDS, Sigma, MI, inhibitor of VDACs) and Mino (Sigma, inhibitor of microglia) were used. One week after tumor cell injection, 24 rats were divided into 4 groups and received an intrathecal injection of NS (n = 5) or DIDS at 0.5 (n = 6), 2 (n = 6), or 8 (n = 7) mg/kg body weight. PWT and PWL were recorded 1, 3, 6 and 24 h after DIDS treatment. To assess the effect of multiple injections of DIDS, rats received a DIDS injection once a day for 7 consecutive days. After this, PWT and PWL were measured at 1, 6, 12, 18, and 24 h. For Mino treatment, 28 rats were divided into 4 groups and received an intrathecal injection of NS (n = 7) or Mino at 50 lL (n = 7), 100 lL (n = 7), or 200 lL (n = 7). PWT and PWL were recorded 0.5, 1, 2, and 4 h after Mino injection. To assess the effect of multiple injections of Mino, the rats also received a daily injection for 7 consecutive days. PWT and PWL were determined at 1, 3, 6, 9, and 12 h after the last Mino treatment. In order to eliminate the effect of DIDS or Mino on motor function, we used the Rota-rod test after intrathecal injection of DIDS or Mino into normal rats (n = 6).
Data Analysis
Data are expressed as mean ± SEM for molecular and behavior assays. All data were analyzed using SPSS 17.0 and OriginPro 8 (OriginLab, Northampton, MA) software. The significance of differences between 2 groups was determined using Student's t or the v 2 test. Two-way repeated-measures ANOVA followed by Tukey's post hoc test or the Mann-Whitney test following Friedman ANOVA was performed as appropriate. A P value \ 0.05 was regarded as statistically significant.
Results
Reduced PWT and PWL with Upregulation of VDAC1 Expression in Spinal Dorsal Horn of BCP Rats
Our previous studies have shown that rats treated with Walker 256 tumor cells display a gradual increase in sensitivity to VFF and radiant heat stimuli 2 weeks after tumor cell injection [19, 21] . Therefore, we began our current studies at week 2 after tumor cell injection. The PWT to VFF in the tumor-bearing hind paw decreased from the baseline level of 14.22 ± 1.43 g to 4.34 ± 0.45 g at 2 weeks after injection (Fig. 1A , P = 0.0000454; n = 8 rats per group, Mann-Whitney test following Friedman ANOVA). Similarly, the PWL to radiant heat stimulation decreased at week 2 from 14.40 ± 0.13 s to 7.80 ± 0.21 s (Fig. 1B , P = 0.000534; n = 8 rats per group, MannWhitney test following Friedman ANOVA).
To determine whether the expression of VDAC1 was changed in the L2-L5 dorsal horn after tumor cell injection, we performed quantitative RT-PCR and western blotting assays 2 weeks after injection. The protein level of VDAC1 was significantly higher than in control rats ( Fig. 1C , P = 0.035 at week 2 vs CON, Student's t test, n = 4 rats per group). The mRNA level of VDAC1 expression was also higher at week 2 ( Fig. 1D , P = 0.043 vs CON, Student's t test, n = 5 rats per group). We also measured the protein level of VDAC1 in L2-L5 DRGs, but it was not altered at week 2 after tumor cell injection ( Fig. 1E, P [ 0.05, Student's t test, n = 4 rats per group). These data suggested that tumor cell injection significantly enhances VDAC1 expression both at the protein and mRNA levels in the spinal dorsal horn at week 2 after tumor cell injection, and this is correlated with the changes in pain behavior in BCP rats.
To determine the time-course of pain behaviors and the expression of VDAC1, we performed experiments at week 3 after tumor cell injection. The injection resulted in continued mechanical allodynia and thermal hyperalgesia at week 3. The PWT to VFF in the tumor-bearing hind paw decreased from the baseline level of 13.65 ± 1.63 g to 3.71 ± 0.45 g at week 3 ( Fig. 2A , P = 0.00001; n = 8 rats per group, Mann-Whitney test following Friedman ANOVA). The PWL to radiant heat stimulation decreased at week 3 from 14.32 ± 0.13 s to 6.32 ± 0.13 s (Fig. 2B , P = 0.00001; n = 8 rats per group, Mann-Whitney test following Friedman ANOVA).
The protein level of VDAC1 in the L2-L5 spinal dorsal horn was significantly increased (Fig. 2C , P = 0.021 vs CON, Student's t test, n = 4 rats per group). The mRNA level of VDAC1 expression in the L2-L5 spinal dorsal horn was also higher at week 3 than that in the control group (Fig. 2D , P = 0.047 vs CON, Student t test, n = 5 rats for each group). Similarly, we measured the protein level of VDAC1 in L2-L5 DRGs, but it was also unchanged at week 3 after tumor cell injection (Fig. 2E, P 
Distribution of VDAC1 in Spinal Dorsal Horn
Next, we examined the distribution of VDAC1 in the spinal dorsal horn. Immunofluorescence assays showed that VDAC1 was co-expressed with CD11b, a marker for microglia, and GFAP, a marker for astrocytes, but not with NeuN, a marker for neurons (Fig. 3) . Fig. 1 Upregulation of VDAC1 expression in the spinal dorsal horn of BCP rats 2 weeks after tumor cell injection. A PWT was significantly reduced 2 weeks after tumor cell injection. B PWL was significantly reduced 2 weeks after tumor cell injection. C Expression of VDAC1 at the protein level in L2-L5 spinal dorsal horn of tumor-injected rats was greatly enhanced at 2 weeks after tumor cell inoculation. P = 0.035 versus control group, Student's t test, n = 4 rats per group. D Expression of VDAC1 at the mRNA level in L2-L5 spinal dorsal horn of tumor-injected rats was greatly enhanced at 2 weeks after tumor cell inoculation. P = 0.043 on week 2 vs control group, Student's t test, n = 5 rats per group. E In L2-L5 DRGs, the protein level expression of VDAC1 was not altered at week 2 in BCP rats vs control group. Fig. 2 Upregulation of VDAC1 expression in the spinal dorsal horn of BCP rats 3 weeks after tumor cell injection. A PWT was significantly reduced at week 3. B PWL was significantly reduced at week 3. C Expression of VDAC1 protein in the L2-L5 spinal dorsal horn of tumor-injected rats was greatly enhanced at 3 weeks after tumor cell inoculation. P = 0.021 vs control group, Student's t test, n = 4 rats per group. D Expression of VDAC1 mRNA in the L2-L5 spinal dorsal horn of tumor-injected rats was greatly enhanced at 3 weeks after inoculation. P = 0.047 on week 3 vs control group, Student's t test, n = 5 rats per group. E In L2-L5 DRGs, the protein level expression of VDAC1 was not altered at week 2 in BCP rats vs control group. 
Microglia Are Activated in L2-L5 Spinal Dorsal Horn After Tumor Cell Injection
Immunofluorescence results showed that microglia were activated in the L2-L5 spinal dorsal horn in BCP rats compared with control rats (Fig. 4A) . The mean fluorescence intensity of microglia activated in the BCP group was stronger (0.068 ± 0.005) than that in the control group (0.051 ± 0.004) (Fig. 4B , P = 0.038, n = 4 rats per group, Student's t test).
Reversal of Hyperalgesia by Inhibition of VDAC1 in BCP Rats
To determine whether VDAC1 is involved in the cancerinduced hyperalgesia, we next injected the VDAC1-specific inhibitor DIDS or NS as control into BCP rats. Intrathecal injection of DIDS produced a strong amelioration in pain behaviors of BCP rats when compared with NS injection. The 50% PWT to VFF in the hind paw of rats with DIDS injection increased from the baseline level of 4.28 ± 1.23 g to 12.50 ± 2.96 g and 12.57 ± 2.59 g for 2 and 8 mg/kg 1 h after injection, and from the baseline level of 4.80 ± 1.20 g to 11.83 ± 1.44 g and 13.00 ± 2.27 g for 2 and 8 mg/kg 3 h after injection (Fig. 5A) . Similarly, the PWL to radiant heat stimulation began to increase at 1 h and was maintained for 3 h after injection of DIDS. The PWL increased from the baseline level of 9.56 ± 0.87 s to 13.46 ± 1.18 s and 13.48 ± 1.02 s for 2 and 8 mg/kg 1 h after injection; and from the baseline level of 9.52 ± 0.84 s to 13.56 ± 0.46 s and 12.97 ± 0.74 s for 2 and 8 mg/kg 3 h after injection (Fig. 5B) . After 7 days of administration of DIDS at 2 mg/kg body weight, a long-term effect of DIDS on PWT and PWL was found when compared with the NSinjected group. The PWT in the hind paw of rats with DIDS injection increased from the average level of 4.00 ± 0.89 g to 9.50 ± 1.25 g, 4.68 ± 1.27 g to 9.16 ± 1.27 g, 5.08 ± 1.11 g to 9.50 ± 1.25 g for 1 h, 6 h and 12 h after injection, respectively (Fig. 5C) . Similarly, The PWL in the hind paw of rats with DIDS injection increased from the average level of 8.96 ± 0.54 s to 13.29 ± 0.97 s, 9.77 ± 0.35 s to 13.20 ± 0.96 s, and 9.53 ± 0.88 s to 13.30 ± 0.86 s for 1, 6, and 12 h after injection (Fig. 5D) . To eliminate the effect of DIDS on motor function, the Rota-rod test was performed before and after intrathecal injection of DIDS (2 mg/kg body weight) into normal rats (Fig. 5E) , and no alteration of motor function was found. These results suggest that DIDS ameliorates bone cancer-related pain behaviors.
Suppression of Toll-Like Receptor 4 Expression by Inhibition of VDAC1 in Bone Cancer Pain Rats
Since a previous study had shown that the protein level of TLR4 is markedly increased in the L2-L5 spinal dorsal horn of BCP rats at 2 weeks [23] , we then determined whether inhibition of VDAC1 reduces TLR4 expression. The results showed that the inhibition of VDAC1 suppressed the expression of TLR4 (Fig. 6A) . In contrast, DIDS treatment did not alter the expression of p65, P2X7 receptors and CBS in the dorsal horn (Fig. 6B-D) .
Effects of Minocycline on PWT and PWL in BCP Rats
Since upregulation of VDAC1 was found in microglia, we next aimed to determine whether microglia are involved in the maintenance of BCP. More activated microglia were expressed in the spinal dorsal horn in BCP rats than in control rats (Fig. 4A) . We hypothesized that the inhibition of microglial activity may reverse the BCP behaviors. Mino, a selective inhibitor of microglia, was intrathecally injected into BCP rats. The same volume of NS was injected into the control group. Consistent with our hypothesis, intrathecal injection of Mino clearly ameliorated the BCP. The 50% PWT to VFF in the hind paw of rats with Mino-injection increased from the baseline level of 5.05 ± 1.01 g to 11.00 ± 1.60 g and 11.85 ± 1.14 g for 100 and 200 lL 0.5 h after injection, and from the baseline level of 5.25 ± 1.05 g to 9.85 ± 0.93 g and 11.14±1.03 g for 100 and 200 lL 1 h after injection (Fig. 7A) . Similarly, we also tested the PWL to radiant heat stimulation. The PWL increased from the baseline level of 10.08 ± 0.58 s to 13.15 ± 1.00 s and 12.13 ± 0.59 s for 100 and 200 lL 0.5 h after injection (Fig. 7B) .
After 7 consecutive days of administration of 100 lL Mino, a long-term effect was determined. The PWT in the hind paw of rats with Mino injection increased from the average level of 3.56 ± 0.84 g to 10.28 ± 1.32 g, 5.00 ± 0.85 g to 9.00 ± 1.25 g, and 5.33 ± 0.98 g to 9.71 ± 1.58 g at 1, 3 and 6 h after injection (Fig. 7C) . Similarly, PWL in the hind paw of rats with Mino injection increased from the average level of 9.66 ± 0.43 s to 13.18 ± 0.90 s, 11.11 ± 0.73 s to 13.91 ± 0.80 s at 1 and 3 h (Fig. 7D) . These findings indicated that microglia participate in the development of pain hypersensitivity in a rat model of bone cancer.
Discussion
In the present study, we demonstrated for the first time that VDAC1 in the spinal dorsal horn is involved in the development of cancer-induced pain hypersensitivity. This conclusion was supported by the following results. First, injection of Walker 256 tumor cells into rat tibia resulted in the over-expression of VDAC1 in the spinal dorsal horn accompanied by prolonged mechanical allodynia and A Intrathecal application of DIDS dramatically ameliorated the PWT in dose-and time-dependent manners in BCP rats (P = 0.031 at 2 mg/kg, P = 0.020 at 8 mg/kg in the 1 h group; P = 0.005 at 2 mg/ kg, P = 0.018 at 8 mg/kg in the 3 h group vs PRE; P = 0.025 at 1 h, P = 0.001 at 3 h in the 2 mg/kg group; P = 0.012 at 1 h, P = 0.004 at 3h in the 8 mg/kg group vs the corresponding NS group, 2-way repeated-measures ANOVA followed by Tukey's post hoc test, n = 5, 6, 6, and 7 rats for NS, DIDS 0.5, 2 and 8 mg/kg, respectively). B Intrathecal application of DIDS also reversed the PWL in dose-and time-dependent manners in BCP rats (P = 0.041 at 2 mg/kg, P = 0.030 at 8 mg/kg in the 1 h group; P = 0.001 at 2 mg/kg, P = 0.012 at 8 mg/ kg in the 3 h group vs PRE; P = 0.006 at 1 h, P = 0.009 at 3 h in the 2 mg/kg group; P = 0.003 at 1 h, P = 0.002 at 3 h in the 8 mg/kg group vs the corresponding NS group). C After 7 consecutive days of administration of 2 mg/kg DIDS, a long-term effect on mechanical PWT was found vs the NS-injected group (P = 0.007 at 1 h, P = 0.035 at 6 h, P = 0.030 at 12 h vs the corresponding NS group, n = 5 for NS and 6 for 2 mg/kg DIDS). D After 7 consecutive days of intrathecal injection of DIDS at 2 mg/kg, PWL tests were performed (P = 0.005 at 1 h, P = 0.013 at 6 h, P = 0.014 at 12 h vs the corresponding NS group, n = 5 for NS and 6 for 2 mg/kg DIDS). E Administration of DIDS did not have any effect on time on the Rota-rod test in healthy control rats.
X. Kong et al.: Spinal VDAC1 Upregulation and Cancer Pain 717 thermal hyperalgesia. Second, inhibition of VDAC1 by DIDS significantly attenuated the mechanical hyperalgesia in rats with BCP. Further investigation showed that VDAC1 was located in microglia, which were aberrantly activated in rats with bone cancer. Last, inhibition of microglial excitability by Mino or inhibition of VDAC1 relieved pain behaviors in rats with BCP. These findings suggested that VDAC1 plays an important role in cancerinduced pain hypersensitivity. Located in the outer mitochondrial membrane, the VDAC functions in cellular Ca 2? homeostasis by mediating the transport of Ca 2? in and out of mitochondria. Since the intracellular Ca 2? concentration regulates a number of cellular and intercellular events, such as the cell cycle, proliferation, gene transcription, and cell death pathways, as well as processes like neuronal processing and transmission [24] , the VDAC might be important in the process of chronic pain hypersensitivity. The VDAC family consists of 3 gene products (VDAC 1, 2, and 3). Of the three known isoforms, VDAC1 is the most abundantly expressed, and is thought to be closely involved in the mitochondrial response to cell stress. Besides, VDAC1 is closely associated with various cancer hallmarks, including proliferation, migration, angiogenesis, invasion, and resistance to cell death [25] . Therefore, it is necessary to study the roles of VDAC1 in complex diseases, especially cancer-induced pain. Previous studies have shown that VDAC1 is expressed in astrocytes in the central nervous system [26] . However, the expression level of VDAC1 varies under different pathophysiological conditions. VDAC1 expression is increased in the cerebellum of patients with Down's syndrome [27] . In Alzheimer's disease, however, the VDAC1 expression level is significantly decreased in frontal cortex [27] . In the present study, we showed that VDAC1 was significantly upregulated at both the protein and mRNA levels starting from 2 weeks after the inoculation of tumor cells. Surprisingly, VDAC1 was not expressed in neurons in the spinal dorsal horn. Further investigation demonstrated that VDAC1 was expressed not only in GFAP-labeled astrocytes but also in CD11-labeled microglia. This distinct distribution might represent a unique mechanism under cancer-induced pain conditions. Importantly, the inhibition of microglial activation by Mino or inhibition of VDAC1 relieved pain behaviors in rats with BCP, indicating that VDAC1 regulates the activation of microglia in the spinal dorsal horn. Astrocytes, together with microglia, are the primary mediators of ''reactive gliosis'', the reactive response of glia to different CNS insults [28] . In the present study, VDAC1 was also expressed in astrocytes of the spinal dorsal horn. It is not clear whether spinal astrocytes are involved in the development of BCP. The role of VDAC1 in spinal astrocytes needs to be further investigated under cancer pain conditions. Thus, further understanding of the roles of VDAC1 in the central nervous system might provide new opportunities to discover pathophysiological mechanisms for cancer pain hypersensitivity for future therapeutic strategies.
Accumulating evidence suggests that VDAC1 interacts with PARK2 and is involved in its recruitment and function during mitochondrial autophagy [29] . However, a functional relationship between VDAC1 and TLR4 has not been reported. In the present study, we showed that TLR4 might be one of the downstream targets for VDAC1 under cancer pain conditions. To the best of our knowledge, this is the first report demonstrating that the inhibition of VDAC1 not only attenuated pain hypersensitivity but also reduced the expression of TLR4 in the spinal dorsal horn of BCP rats. As reported previously, TLR4 is involved in the formation and development of pain hypersensitivity, such as inflammatory pain [30] , visceral pain [31] , and also a BCP model [21] , and is important for the pathogenesis of inflammatory reactions and the promotion of pain processing in the spinal cord [32] . Therefore, it is important to investigate the molecular mechanisms underlying the signaling pathway of VDAC1-mediated suppression of TLR4 under cancer-induced pain conditions. Another important question that needs to be addressed is how VDAC1 expression is regulated. The accumulation of oxidative damage in mitochondrial proteins, membranes, and DNA under pathophysiological states is thought to lead to mitochondrial inactivation, downstream molecular impairments, and consequent decline of biological systems [33] . Previous reports have shown that VDAC-1 is a PARP-1 substrate [34] . It is of interest to further investigate the upstream mechanisms by which VDAC1 is upregulated under cancer pain conditions. Notably, it would be better to A Intrathecal application of minocycline (Mino) dramatically ameliorated the PWT in dose-and time-dependent manners in BCP rats (P = 0.027 at 100 lL, P = 0.005 at 200 lL in the 0.5 h group; P = 0.034 at 100 lL, P = 0.002 at 200 lL in the 1 h group; P = 0.002 at 0.5 h, P = 0.023 at 1 h in the 100 lL group; P = 0.015 at 0.5 h, P = 0.024 at 1 h in the 200 lL group, 2-way repeated-measures ANOVA followed by Tukey's post hoc test, n = 7 rats per group). B Intrathecal application of Mino also reversed the PWL in a time-dependent manner in BCP rats (P = 0.021 at 100 lL, P = 0.030 at 200 lL in the 0.5 h group, 2-way repeated-measures ANOVA followed by Tukey's post hoc test, n = 7 rats per group). C After 7 consecutive days of administration of 100 lL Mino, a long-term effect on PWT was found compared with the NS-injected group (P = 0.001 at 1 h, P = 0.027 at 3 h, P = 0.045 at 6 h, 2-way repeated-measures ANOVA followed by Tukey's post hoc test, n = 6 for NS and 7 for 100 lL Mino). D Seven consecutive days of administration of 100 lL Mino also reversed the PWL compared with the NS-injected group (P = 0.006 at 1 h, P = 0.028 at 3 h, 2-way repeated-measures ANOVA followed by Tukey's post hoc test, n = 6 for NS and 7 for 100 lL Mino).
use heat-killed cancer cells rather than simply NS as a control as described previously [35, 36] .
Despite the controversy about the role of VDACs in the mitochondrial permeability transition, the importance of VDACs for therapeutic strategies in human cancer, neurodegeneration, and diabetes has recently increased. This and future studies might increase the interest on VDAC1 as an important molecular target for the treatment of the mechanical allodynia of cancer pain.
